Abstract The World Health Organization has reported about 214 million new cases of malaria with about 438,000 deaths worldwide in 2015. An example of antimalarial compounds isolated from plants, and is currently in use, may be mentioned quinine and artemisinin. However, one of the major problems that have arisen in recent years is the resistance of parasites against existing antimalarial drugs. Thus, there is a strong need to find new agents to control and to eradicate the disease. In this regard, marine organisms constitute a universally recognized source of potentially bioactive molecules, which have been enzymatically engineered and biologically validated. In this study, a quantitative structure-activity relationship (QSAR) analysis has been performed on data set of 14 bromopyrrole alkaloids (sponge metabolites) for antimalarial activity. Using density functional theory (DFT) several types of descriptors, including thermodynamics and electronic, have been calculated, in order to derive a quantitative relationship between antimalarial activity and structural properties.
Introduction
The global impact of malaria, a parasitic disease, may not be underestimated. Approximately 200 and 300 million cases of malarial are reported each year, where more than 2 million of them have a fatal fate (World Malaria Report 2016) .
Malaria is still a common cause of death in the tropical countries of Africa, Asia, and America; (each year, 300-500 million people become ill with malaria and 1-3 million die) tragically most of the victims are children under the age of 5: every 30 s a child dies of malaria. In addition, the spread of multi-drug resistant strains of plasmodium have brought about the increase in the number of fatal cases. This problem makes ineffective the limited armamentarium of drugs now available (Seder 2014; Burn et al. 2010; Pacheco et al. 2013) .
P. falciparum is one of the most genetically diverse parasites; likewise, the multiple independent origins of A tribute to Professor Gabriel Chuchani (Deceased 30 april 2017) (Seder 2014; Burn et al. 2010; Pacheco et al. 2013) . Identification and selection of new lead compounds constitutes a crucial point for the rational drugs design. Marine natural products represent an opportunity to win the "evolution race" to parasites. Marine natural products are already enzymatically and biologically valeted against several tropical ills, thus they represent the ideal tool to find new drugs against P. falciparum (Sangster et al. 2002; Fattorusso and Tagliaalatela-Scafati 2009; Hentschel 2002) .
Bromopyrrole alkaloids are a good example of marine metabolites with a broad range of biological activity and represent a fascinating example of the chemical diversity of secondary metabolites elaborated by marine invertebrates. This kind of compounds have shown different promising bio-pharmacological activities associated with them (Fattorusso and Tagliaalatela-Scafati 2009; Hentschel 2002; Scala et al. 2010; Salomon et al. 2004) .
Recently, the activity of several bromopyrrole alkaloids against P. falciparum have been reported (Scala et al. 2010) . The structural similarities within the series of molecules tested, and the antimalarial activity reported, render them serious leads to perform structure-activity studies.
Although the 3D structure-property-activity relationships were developed since long years ago, now it is a multidisciplinary area of molecular design and are widely used for the prediction of properties, activities, and/or toxicities of new chemicals by developing quantitative relationship between molecular activity or property, QSAR (such as partition coefficient (logP), boiling point, melting point, acid and base constant, toxicity or reactivity) and computer 3D structural properties such as constitutional, electrostatic, geometrical, topological, or quantum chemical molecular characteristics. QSAR represents one of the most effective computational approaches, which have been extensive and successfully applied in drug design and discovery process. 3D QSAR attempts to correlate structural/ molecular properties, that is, descriptors with biological activities or toxicities, for a set of similar compounds by means of statistical methods (Selassie 2003; Schultz et al. 2003; Dudekm et al. 2006) .
Related to antimalarial compounds, several 3D QSAR studies have been carried out using different molecular properties, mainly electronic ones like electronegativity, frontier orbital energy, charge, and so on. Artemisinin derivatives, cyclic peroxyl ketals, chloroquinoline derivatives, naphthoquinone, naphthoquinone sulfonate, acylate derivatives, sulfonamide derivatives, and sulfonamide derivatives have been studied using QSAR analysis, in order to find some potential compounds against malarial ill (Roy and Ojha 2010) . However, to the best of our knowledge, neither theoretical nor 3D QSAR study related to bromopyrrole compounds have been reported before. In this sense, quantum chemical calculations (DFT/B3LYP-631G ++dp) were used to calculated a set of molecular properties of 14 bromopyrrole alkaloids (sponge metabolites) with antimalarial activity. Several types of molecular descriptors, including thermodynamics (Gibbs energy, enthalpy, and entropy) and electronic have been calculated, in order to derive a quantitative relationship between antimalarial activity and structural properties. Density functional theory (DFT) descriptors as ionization potential (IP), electron affinity (EA), electronegativity (χ), Hardness (η), Softness (s), and Electrophilicity Index (ω) were obtained through exact descriptions of IP and EA (Geerlings et al. 2003; Becke 1988) . Electrostatic potential (ESP) density (Wang 2017) was mapped for the four most active compounds with the aim of gaining insight about their high activity. Descriptors as the first excitation energy (FEE) obtained from a time-dependent DFT calculation (Pedro et al. 2012) , as well as the nuclear-independent chemical shift (NICS) (Corminboeuf et al. 2004) were included. In this sense, this work represent a first attempt to find a quantitative relationship between the 3D structures of marines bromopyrrole using both thermodynamics (related to Gibbs equation) and electronic parameters. The multiple linear regression (MLR) method was employed with the aim to obtain a correlation between these descriptors and the antimalarial activity of these compounds (Wayne and Cross 2013) . The model obtained was validated using the leave-one-out crossvalidation and external validation methods (Golub et al. 1979 ).
Theoretical
Pharmacological data were taken from the literature (Scala et al. 2010) . The biological activity evaluation of the bromopyrrole was done by using the ln of the inverse of IC50 (concentration which inhibits the grown of 50% of parasites). Figure 1 shows the chemical structure and numbering used in all 14 bromopyrrole studied in this work. The model of MLR was calculated with whole compound drawn here using Microsoft Office Excel 365.
Molecular optimization was carried out by minimization of molecular surface energy. Quantum chemical calculations at the DFT/UB3LYP level of theory, combined with 6-31++G(d,p) basis set, were used to determine the minimum energy geometry of the neutral compounds (Becke 1988; Khon et al. 1996) . These structures were characterized by frequency calculations. All calculations were carried out using Gaussian 09W (Frisch et al. 2008) . The combination of correlation-interchange Becke, Lee, Yang, and Parr (B3LYP) was selected because of its good prediction level and a low computational cost of calculation (Frisch et al. 2008; Lynch and Truhlar 2001; Tirado-Rives and Jorgensen 2008; Márquez et al. 2011; Márquez et al. 2012) .
The more relevant thermodynamics and electronic properties to antimalarial bromopyrrole such as: IP, EA, electronegativity (χ), hardness (η), softness (s), electrophilicity index (ω), NICS, and the FEE were calculated using conceptual DFT (Geerlings et al. 2003) . The IP was calculated as the energy differences between a radical cation (Ec) and the respective neutral molecule (En). The EA was calculated as the energy differences between a radical anion (Ea) and the respective neutral molecules (En). The DFTbased reactivity descriptors were obtained from Eqs. Partition coeficient (ClogP), a very important and highly influenced descriptor, was obtained using ChemBioofice 2014 (Cambridge Software 3D Chembioofice 2014); Gibbs energy, enthalpy, and entropy were obtained from frequency calculation and statistical mechanic.
where µ: potencial electrónico, X: electronegatividad.
Statistical analysis
The molecular descriptors data have been analyzed by MLR method. In the present data set, sum of descriptors study greatly beats the number of compounds. According the bibliography MLR may be applied when the numbers of descriptors are lower than the number of compounds (Batra et al. 2015) . In this sense the selection of significant predictor variables out of this large pool is a crucial step in any QSAR study. In order to avoid the above problem, we have selected the more relevant parameters; it means, just the descriptors having the higher association with the dependent variable will be used to build the mathematical models.
The more relevant properties (e.g., more related to activity) were selected based on the addition-forward selection and backward-elimination methods. The independent variables were individually added or delated from the model at each step of the regression depending on three criteria: the correlation coefficient (R), the Fisher ratio values (F), and the standard deviation (σ). Variables were selected to enter or remove until the best model is obtained. GNU-PSS software was used. When two or more molecular descriptors were correlated with each other, just one of them was considered to fit the model.
Once the QSAR models are developed using theoretical molecular descriptors, it should be validated statistically prior to the applications. The best equation was tested for their predictive power using a "leave-one-out cross-validation" procedure. In principle, the so-called "leave-one-out" approach consists in developing a number of models with one simple omitted at time. After developing each model, the omitted data are predicted and the differences between actual and predicted "Y" values are calculated. The sum of squares of these differences is computed, and finally the performance of the model (its predictive ability) can be given by standard error of prediction (SEP), defined as:
where y is the experimental value of ln(1/IC50), ÿ is the predicted value, and n is the number of samples used for model building. The predictive ability of the model was also quantified in term of the Q 2 , which is defined as:
Results and discussion Figure 1 shows the chemical structure and numbering used in all 14 bromopyrrole studied in this work. The model of MLR was calculated with 13 compounds; compound 4 was ruled out from the correlation because it had an atypical residue.
A number of models were obtained using the ln(1/IC50) as dependent variable, and calculated properties (descriptors) as independent variables. The stepwise multiple regression procedure, based on the forward/selection and backward/elimination methods, was used for variable selection with the aim to obtain the best regression equation.
According to the procedure explained above, one thermodynamic (entropy, S) and eight electronic parameters (dipolar momentum, µ, polarizability, α, highest occupied molecular orbital (HOMO), electrophilic index, ω, softness, NCIS, and FEE) have meaningful correlations with antimalarial activity (ln(1/IC50) (Table 1) . Thus, the linear combination of these descriptors could explain the antimalarial activity of bromopyrrole studies. According to the forward selection and backwardelimination models, we get: 
Equation (10) was selected for analysis because of its descriptive statistics and it has no correlated independent variables. Table 2 shows the correlation coefficient between every descriptor included in this model. In fact, the correlation matrix shows that the molecular descriptors in this model are independent. In this sense, it will only argue this model. The antimalarial activity predicted by using Eq. (10) is shown in Table 3 ; likewise, the fit of this model (Eq. (10)) is shown in Fig. 2 .
The quality of 10 models was tested using leave-one-out cross-validation method described above. This method consists in developing a number of models with one sample omitted at the time. Then, the obtained model, with rest of the sample, is used to predict the value of the omitted sample. The difference between experimental and predicted values (Y pred-cv ) is calculated. The residues can be used to estimate the predictive ability of the model Q 2 (Eq. (6)). Using the residues and Eq. (6) the values of Q 2 and SEP were 0.87 and 0.37, respectively. A model is considered acceptable when the value of Q 2 exceeds 0.5 (Wayne and Cross 2013; Golub et al. 1979) , thus Eq. (10) is validated statistically. Table 4 shows the results obtained by using leave-oneout cross-validation procedure. Figure 3 shows the excellent fit between experimental values and predicted by crossvalidation methods. 
External validation
As previously reported in literature (Gramatica 2007) , a model can be considered reliable and applicable if it has been validated externally after its internal validation (Kubinyi paradox). In this sense, the external validation set was collected from literature mentioned above and four compounds with IC 50 value were reported and similar structures with respect to the core of the training data (into domain of applicability) were selected (Fattorusso and Tagliaalatela-Scafati 2009 ). These compounds are kalihinol A (14), 6-bromoaplysinopsin (15), heptylprodigiosin (16), and salinosporamide A (17) (Fig. 4) . Figure 5 and Table 5 collectively show a good prediction of the model described in Eq. (10), with a Δ[ln(1/IC 50 )] value <2.7. In the linear regression analysis described in Fig. 5 can be observed a slope of approximately 1, a coefficient of determination (r 2 ) of 0.8463, and SEP value of 0.798. This result suggest a good fitting between experimental and predicted results, and consequently the model described by Eq. (10) has the ability of predict the ln (1/IC 50 ) for external molecules with good accuracy.
In order to evaluate the difference between the predicted values and the experimental values, a one-way analysis of variance (ANOVA) (level of significance of 0.05) was performed as described in Table 6 . These results show a statistical value of F > Fcrit with a p-value < 0.05, which suggest no significant differences between experimental and predicted values.
According to Eq. (10), antimalarial activity of bromopyrrole can be associated to combination of six molecular descriptors; dipolar momentum, µ, polarizability, α, softness, s, and negative values of HOMO energy enhance antimalarial activity; in contrast, entropy, S, and electrophilic index, ω, diminish the biological activity.
HOMO energy has the highest contributions to the variation in ln(1/IC 50 ). According to the frontier molecular orbital theory, HOMO and lowest unoccupied molecular orbital (LUMO) are the most important factors that affect the bioactivity ). HOMO has the priority to provide electrons, while LUMO can accept electrons first. Thus, study on the frontier orbital energy can provide useful information about the biological mechanism. In this case, and according to Eq. (10), the more the negative HOMO, the more the activity is. The negative HOMO is related to capacity to interaction via Van der Waals (i.e., hydrogen bonds), cation or π-π interaction, suggesting the antimalarial activity could be associated to this fact Bartlett et al. 2010; Dougherty 2013; Petersen et al. 2005; Reed et al. 1988; Mitoraj and Michalak 2007) .
Another meaningful fact is the importance of the imidazole ring moiety. Compound 1a is twice more active than its salts, compound 1b. We can see in Fig. 6 , interaction 1a with tetra fluorine acetate moves the homo to imidazol ring moiety. The fact that the electron density of HOMO orbital of 1a (more active than 1b) is located on bromopirrole moiety (Fig. 6) suggests that there is an important interaction of this ring with the receptor, via π-π or π-cation (Reed et al. 1988) .
The electronic density of LUMO orbital in 1a is mainly located on aminoimidazole ring, while in 1b it is located in both, in the bromopirrole side and in the imidazole side. Similar behavior can be seen in compound 2. The absence of a second bromine atom in the bromopyrrole ring moves the electronic density of the HOMO orbital through imidazole moiety, and in fact the antimalarial activity is diminished. There is a strong evidence to believe that bromopyrrole ring is acting as electron donating. The fact compound 1a has LUMO orbital mainly located in aminoimidazole moiety, supposing these kinds of compounds (1a, 1b) have donor-acceptor features (Mitoraj and Michalak 2007; Holm et al. 1996; Frenking et al. 2003; Singh et al. 2011) . Figure 7 shows frontier orbitals for compounds 3 and 4. It can see the geometry of the bromopyrrole of the compounds 3-4 is hardly influenced by introduction of carbonyl moiety. In contrast to compounds 1-2, electronic density of HOMO orbital of compound 3 is mainly located on the aminoimidazolone ring. On the other hand, presence of OH seems to "break" the electronic density distribution in whole molecule; in compound 3 (R = H) aminoimidazolone ring is acting as electron donating, and LUMO is located in whole molecule, while in the compound 4 HOMO and LUMO are located in the bromopyrrole and aminoimidazolone ring, respectively. In the last case, the compounds cannot act as donor-acceptor ligands, thus it is not active against P. falciparum.
Comparing compounds 5, 6, and 7 (Fig. 8) is possible arguing the importance of aminoimidazole ring on P. falciparum activity: the compound 7 has no aminoimidazole ring, and hence it has no activity. It is important to note that the oxidation of aminoimidazole ring to aminoimidazolone enhances the activity (compounds 5-6), this fact can be related to presence of carbonyl moiety. Figure 6 shows compound 5 has HOMO electronic density distributed along all orbital; by contrast, compound 6 HOMO is "located" only on the bromopyrrole moiety, similar to compound 1a. In addition, LUMO of compound 5 is located in whole molecule, while in compound 6 LUMO is located only in aminoimidazolone moiety. In other words, it seems compound 5 cannot act as donar-acceptor ligand as well. Figure 9 shows frontier orbitals for bromopirrole compounds 8 and 9. It can be seen that HOMO of compound 8 follows closely the same pattern of the active compounds: electronic density of HOMO and LUMO located in the defined region. In contrast, compound 9, with low activity, has neither aminoimidazole ring nor "located" LUMO.
Comparing the rest of the compounds is difficult because of the differences in their structures. However, differences between "active compound" and inactive ones are similar as explained above: active compounds have HOMO and LUMO located in specific region of the molecular structure (bromopyrrole or aminoimidazol-aminoimidazolone moiety), while inactive ones have HOMO and LUMO located on whole molecular structure. The fact that active compounds have a "defined" HOMO and LUMO in their structure suggests the importance of the frontier molecular orbital; likewise, there is strong evidence that the activity could be related to donar-acceptor interaction with receptors; Van der Wals, pi-pi staking or pi-cation interaction could be playing a pivotal role.
The trend mentioned above can find support using the ESP map for the four most active compounds. Figure 10 shows the activity of bromopyrrole is related to lower ESP (negative charge) located in two different moiety: bromopyrrole moiety or amino imidazole moiety, but not in both moiety at same time. The most active compound (compound 6) shows the lowest ESP (e.g., highest negative charge) at imidazole region, while the compound (second most active compound) 11 has the lowest ESP at bromopyrrole moiety. Presence of carbonyl group in aminoimidazole ring decreases the ESP (more negative charge) into this molecular region, thus the activity is increased. These results are an additional support to the idea that these moieties have a great influence on the antimalarial activity of bromopyrrole.
Other important descriptor in the model 10 is the softness. According to DFT conceptual, the chemical hardness is, fundamentally, the resistance toward the deformation or polarization (or change energetic state) of the electron cloud of the atoms, ions, or molecules under small perturbation of chemical reaction. A hard molecule has a large energy gap (HOMO-LUMO) and a soft molecule has a small energy gap. A soft molecule is (generally) related to polarizable molecules, and they are excellent ligand to form complexes with certain metals. More recently, the softness is related to capability of molecules to interact via π-π bonds or π-metal interaction (Edward and Lowry 1993; Rawi et al. 1999; Kurosawa et al. 2000) .
The intraerythrocytic malaria parasite digests considerable amount of its host cell cytosol, which consists mostly of hemoglobin. In order to avert the toxicity of ferriprotorphyrin IX, it is generally accepted that P. falciparum polymerizes the ferriprotorphyrin IX to the nontoxic hemozoin; several evidences have been suggesting the HOMO 1a
LUMO 2 Fig. 6 The HOMO and LUMO compounds 1a, 1b, and 2 action mechanism of some antimalarials (Cloroquine and derivatives) could be associated to inhibiting of hemozoin formation, via a complex between antimalarial and heme group (Sarkar et al. 2016; Mouti et al. 1999; Richaurd et al. 2011; Hawley et al. 1998; Tonmunphean et al. 2011, pp 43-47) .
Taking in account the similarity between heme group and bromopyrrole moiety, it can be presumed the interaction of this kind of compounds with metal (Fe 2+ , via π-metal interaction) could play an important role in the activity. In addition, aminoimidazol and aminoimidazolone ring have nitrogen and carbonyl group that could be interacting with carboxylic acid residues of heme group, via hydrogen bond (Bhattacharjee et al. 2005) .
Other descriptors that enhance the biologic activity are dipolar momentum, μ, and polarizability, α. These results can provide some insights about the relevant molecular for biological activity. Increasing dipole momentum and polarizability lead to a higher activity. This relation suggests that a highly polarized molecule could have a stronger interaction with the heme group, leading a stronger binding. In this sense, considering Fe 2+ as a center of positive charge expects that bromopyrrole with high dipole momentum can have a favorable interaction. Some author has reported strong evidence between biological activity and interaction energy with heme group. Bhattacharjee et al. found a good correlation between the interaction energy and antimalarial activity of tetraoxanes. Likewise, LUMO 8 HOMO 8
HOMO 9
LUMO 9 Fig. 9 The HOMO and LUMO compounds 8 and 9
ESP 1a ESP 3 ESP 6 ESP 11 Fig. 10 The ESP map for the most active compound in this study Tonmunphean et al. observed this correlation between interaction energy and activity of a series of substituted tetraoxanes (Tonmunphean et al. 2011; Bhattacharjee et al. 2005; Parihar and Nandi 2015; Mukhomorov 2011; Gonzalez et al. 2004 ). Entropy, S, and electrophilic index, ω, decrease the antimalarial activity in the studied bromopyrrole. Entropy is defined as the measure of unavailable energy in a closed thermodynamic system that is also usually considered to be a measure of the system disorder. In biological system, the interaction ligand-receptor could depend sharply on rotational entropy. The latter is related to the number of distinct ways in which the molecules can be arranged in the same structure; the greater the number of arrangements, the greater the entropy. However, considering the more rigid feature of receptor than ligand, the greater the number of rotational state, smaller the number of effective interaction between receptor-ligand is. Thus, generally, entropy decreases the biological activity (Monteagudo and Gonzalez 2005; Ouchinnikov and Ivanov 1975; Jubb et al. 2015) .
Electrophilic index, ω, includes the tendency of an electrophile to acquire an amount of extra charge (Partharathi et al. 2004) ; in this case, the greater the electrophilic index, the smaller the activity is. The low activity of compound 1b related to 1a could be associated to this fact. It can be noted that the lowest active compounds have ω values between 37 and 47 kcal/mol. In addition, the distribution of electronic density along the whole LUMO is in fact a highlight characteristic of the lowest active bromopyrrole.
Conclusions
DFT calculations were used to determine several molecular descriptors, both, thermodynamics and electronics, on a 14 bromopyrroles with biological activity against P. falciparum. Significant regression equation was obtained by MLR using 13 compounds. The best equation was chosen according three statistic parameters, correlation coefficient, Fischer value, and SEP. The best model was validated using leave-one-out cross-validation and external validation method. The model selected suggesting anti-P. falciparum activity could be associated to combination of six molecular descriptors: entropy, dipole momentum, polarizability, HOMO energy, softness, and electrophilic index. Negative energy HOMO, dipole momentum, softness and polarizability enhance activities, while entropy and electrophilic index diminished antimalarial activities of bromopyrroles.
According to these results, the antimalarial activity of these compounds could be related to capability to act as donar-acceptor ligand on heme complex. However, further theoretical calculations are necessary.
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